Abstract. Cancer stem cells (CSCs) in glioma are often responsible for relapse and resistance to therapy. The purpose of the present study was to confirm the self-renewal and migration inhibitory effects of tetrandrine (Tet), which is a compound extracted from the dried root of Stephania tetrandra S. Moore, toward glioma stem-like cells (GSLCs) and to examine the associated molecular mechanisms. Using a neurosphere culture technique, we enriched the GSLC population from the human glioblastoma cell lines U87 and U251. Cells were analyzed using Cell Counting kit-8 (CCK-8), western blotting, flow cytometry, Transwell assay and immunofluorescence staining. GSLCs displayed properties of neural stem cells, including elevated expression of the cancer stem cell marker ALDH1 and β-catenin. We found that Tet treatment decreased sphere formation in GSLCs in a dosedependent manner using tumor spheroid formation assay. The GSK3β inhibitor BIO maintained sphere formation and migration capacity in GSLCs, whereas the β-catenin/TCF transcription inhibitor ICG-001 decreased sphere formation and the migration capacity of GSLCs. The proportion of apoptotic GSLCs also increased in response to ICG-001 treatment. These results indicate that β-catenin activity is vital in maintaining neural stem cell traits of GSLCs. Tet inhibits cell viability, neurosphere formation and migration of GSLCs in vitro. Importantly, Tet treatment significantly repressed the nuclear translocation and expression of β-catenin and induced apoptosis in GSLCs, as indicated in part by the upregulation of Bax, the cleavage of PARP and the downregulation of Bcl-2. The present study demonstrates that the inhibition of β-catenin in CSCs by Tet could be an effective strategy for the treatment of glioma.
Introduction
Glioma is the most common type of primary malignant tumor of the central nervous system (1) . Despite the current standard of care for glioma patients, which involves surgery, radiotherapy and chemotherapy, the prognosis of glioma patients remains poor. The median overall survival for World Health Organization (WHO) grade IV glioblastoma patients is only 14.6 months (2) . Therefore, it is essential to improve the treatments for glioma patients.
A previous report shows that the prognosis and malignant degree of gliomas are correlated with the presence of glioma stem-like cells (GSLCs) (3) . Glioma stem-like cells are a small cellular subpopulation that exhibits the capacity for self-renewal and differentiation. Glioma stem-like cells are also thought to contribute to glioma resistance to conventional radiotherapy and chemotherapy. The expression of cancer stem cell-related markers in gliomas is often associated with the survival of glioma stem cells (4) . Therefore, enriching and identifying glioma stem-like cells is essential for the development of novel therapeutic approaches targeting glioma stem cells.
β-catenin is a crucial factor involved in cancer stem cell self-renewal. After entering the nucleus and binding with the TCF/LEF family transcription factors, the activation of β-catenin induces the expression of target genes to maintain cancer stem cell survival (5) . The expression of β-catenin
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affects the mRNA stability of the cancer stem growth factor IL6 (6) . In Wnt/β-catenin signaling, GSK3β forms a multimeric complex with β-catenin, AXIN1 and APC. The destruction of the inactivated complex results in the cytoplasmic accumulation and nuclear translocation of β-catenin, where it associates with TCF/LEF and alters the transcriptional state of the cell. Recent studies have shown that the activation of Wnt/β-catenin signaling helps maintain the glioma stem-like phenotype (7, 8) . Wnt/β-catenin signaling also plays an important role in regulating colorectal cancer stem cells (9) . Thus, the inhibition of Wnt/β-catenin signaling in GSLCs could be a promising strategy for glioma therapy. Tetrandrine (Tet) is a compound extracted from the dried root of Stephania tetrandra S. Moore. Tet has been widely used due to its anti-inflammatory, immunosuppressive and anti-hypertensive effects (10) . Recent studies have shown that Tet has antitumor activity for several cancer cells, including neuroblastoma, breast, lung, colon and prostate cancer cells, and the anticancer effects of Tet could be mediated in part by the inactivation of Wnt/β-catenin signal transduction (11) (12) (13) (14) (15) . However, neither the effects of Tet in GSLCs nor its mechanism of action have been evaluated. In this study, we identified and enriched GSLCs from the U87 and U251 cell lines. Furthermore, we evaluated the effects of Tet on GSLCs, and we found that Tet inhibits GSLCs by repressing the expression of β-catenin and preventing its nuclear translocation.
Materials and methods
Patients and tissue collection. Eighty-eight patients with gliomas were included in the present study. All patients underwent surgery at the Second People's Hospital of Shenzhen (Shenzhen, China) between October 2004 and August 2010. This study cohort consisted of 51 males and 37 females, with a median age of 36 years (range, 3-72 years). All patients underwent magnetic resonance imaging (MRI) a few days before surgery and within 72 h after surgery. The extent of tumor resection was determined using postoperative MRI scans. Surgical resection was defined as macroscopic total resection, partial resection, or biopsy, as appropriate. To confirm the diagnosis, two neuropathologists independently evaluated the tumor samples according to the WHO criteria: 47 patients presented with stage I-II disease and 41 patients presented with stage III-IV disease.
Cell lines and cultures. Human glioblastoma cell lines U87 and U251 were obtained from the Shanghai Institute of Cell Biology, Chinese Academy of Sciences (Shanghai, China). All cells were cultured in Dulbecco's modified Eagle's medium (DMEM; Gibco-Life Technologies, Paisley, UK) supplemented with 10% fetal bovine serum (FBS), 100 IU/ml penicillin and 100 mg/ml streptomycin. Cells were maintained in an atmosphere of 5% CO 2 at 37˚C.
Neurosphere culture. Glioblastoma cells were plated in a 60-mm dish (5,000 cells/ml) in neurobasal medium containing B27 (Invitrogen, San Diego, CA, USA), 20 ng/ml human basic fibroblast growth factor (Sigma-Aldrich, Taufkirchen, Germany) and 20 ng/ml epidermal growth factor (Invitrogen, Carlsbad, CA, USA) for 7 days. Spheroids were collected after 7 days and were dissociated with Accutase (a mixture of enzymes with proteolytic, collagenolytic and DNase activity; Invitrogen). The cells obtained from dissociation were filtered through a 40-µm cell strainer. Then, the dissociated cells were plated in a 60-mm dish and were maintained in neurobasal medium to enrich for GSLCs. Subsequently, the protein expression levels of stem cell markers were evaluated by western blotting and immunofluorescence staining.
Cytotoxicity assays with Cell Counting kit-8 (CCK-8).
The cytotoxic effect of Tet (Sigma-Aldrich, St. Louis, MO, USA) was measured using the CCK-8 assay (Dojindo Laboratories, Kumamoto, Japan). GSLCs were dissociated into single cells, which were seeded into 96-well plates at a density of 5x10 3 cells/well. Various doses of Tet were added to each well 24 h after seeding. Spheroids in each well were photographed after treatment by microscopy. The optical density at 450 nm was measured using a microplate reader (BioTek Instruments, Inc., Winooski, VT, USA). The IC 50 value, determined by the relative absorbance of CCK-8, was assessed using probit regression analysis in the SPSS 13.0 statistical software package. The half maximal inhibitory concentration (IC 50 ) was calculated using SPSS 13.0 statistical software.
Tumor spheroid formation assay. To assess the sphere-forming capability of GSLCs in vitro, spheroid cells were dissociated into single cells and then were plated in 96-well plates at a density of 1x10 3 cells/ml in an atmosphere of 5% CO 2 at 37˚C. Various doses of Tet were added to each well 24 h after seeding. Spheroids >0.2 mm in diameter in each well were photographed under a microscope after 7 days of incubation.
Transwell migration assay. For the Transwell migration assays, GSLCs were dissociated into single cells, after which 5x10 3 cells/ml were plated in the top Transwell chamber (6.5 mm diameter, 8.0 µm pore size polycarbonate filters; Corning Incorporated, Corning, NY, USA) and were allowed to migrate toward 600 µl of serum-containing medium in the lower Transwell chamber. After 24 h, the cells were fixed with methanol and stained with 0.1% crystal violet (2 mg/ml). The number of cells that migrated through the membrane was counted in five randomly selected fields under a light microscope.
FACS analysis. Apoptosis was measured using an Annexin V-FITC/PI apoptosis detection kit (BD Biosciences, San Jose, CA, USA). GSLCs were dissociated into single cells, after which the cells were treated for the indicated amount of time and then harvested and washed twice with cold phosphate-buffered saline (PBS). Then, cells were re-suspended in 100 µl of binding buffer (1x10 5 cells), after which the cells were stained with 5 µl of Annexin V-FITC and 10 µl of PI for 30 min at room temperature in the dark. The percentage of apoptotic cells was determined by flow cytometry (Beckman Coulter, Brea, CA, USA).
Western blotting. Protein expression levels were determined by western blotting. In brief, the cells were lysed for 30 min on ice in 300 µl of radioimmunoprecipitation assay (RIPA) lysis buffer. The lysates were subjected to sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) separation, after which the proteins were transferred onto polyvinylidene fluoride (PVDF) membranes (Roche Diagnostics GmbH, Penzberg, Germany). The membranes were blocked with 5% fat-free milk and were incubated overnight at 4˚C with primary antibodies against ALDH1 (Abcam, Cambridge, UK), GAPDH, β-catenin, GSK3β, Bax, Bcl-2 and cleaved PARP, as indicated (Cell Signaling Technology, Danvers, MA, USA). After five washes of 10 min each in TBST, the membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies (1:5,000; Cell Signaling Technology) for 1 h. Immunoreactive bands were visualized using an enhanced chemiluminescence assay (Pierce, Rockford, IL, USA).
Immunofluorescence staining. GSLCs were plated on poly-L-lysine-coated coverslips (Sigma-Aldrich) and incubated overnight at 37˚C, after which the cells were treated with Tet, BIO (Selleck Chemicals, Houston TX, USA) or ICG-001 (Selleck Chemicals). After treatment, the cells were rinsed with PBS and fixed in 3.7% paraformaldehyde for 15 min. Cells were then washed in PBS three times for 5 min, and 0.2% Triton X-100 was added to the cells. Cells were blocked in 5% bovine serum albumin for 60 min after three washes in PBS, and then the cells were incubated with anti-β-catenin antibody (1:100), anti-rabbit-FITC secondary antibody (1:1,000; Cell Signaling Technology), TUNEL reaction mixture containing a nucleotide mixture and terminal deoxynucleotidyl transferase (TdT) (In Situ Cell Death Detection kit; Roche Diagnostics GmbH), and 4',6-diamidino-2-phenylindole (DAPI; Cell Signaling Technology). Finally, the slides were mounted and examined by laser scanning confocal microscopy (LSM).
Immunohistochemical analysis. We prepared slides using 2-mm-thick sections of paraffin-embedded specimens. The slides were baked at 60˚C for 2 h, deparaffinized in xylene, rehydrated in decreasing concentrations of ethanol and rinsed in PBS. The slides were then microwaved with a 10 mmol/l citrate buffer (pH 6.0; Maixin Bio, Fuzhou, China) on the 'high' setting for 5 min and on the 'mid-high' setting for 10 min. The Ultra-Sensitive™ SP kit (Maixin Bio) was used to incubate the slides with hydrogen peroxide and normal serum for 10 min each. Next, the slides were incubated overnight with rabbit anti-human monoclonal antibodies to β-catenin (diluted 1:100; Cell Signaling Technology) at 4˚C. The slides were then processed with the Ultra-Sensitive™ SP kit for 30 min at room temperature, followed by development with diaminobenzidine (DAB) for visualization. Negative controls were included by substituting the primary antibodies with non-immune serum.
Statistical analysis. The data are expressed as the means and standard deviations (SD). The χ 2 test was used to analyze the correlations between the clinicopathological features and the β-catenin expression. Statistical analysis of the remaining data was conducted using a one-way analysis of variance (ANOVA) in the statistical package SPSS 13.0 (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered statistically significant. 
Results

Generation of GSLCs from U87 and U251 sphere cultures induces neural stem cell properties with the elevated expression of ALDH1 and β-catenin.
We enriched for primary neurospheres from the human glioma cell lines U87 and U251 by incubating the cells in neurobasal medium containing B27, bFGF and EGF for 7 days. Then, primary neurospheres were dissociated with Accutase into single cell suspensions. Primary neurospheres were incubated in neurobasal medium again to enrich for GSLCs (secondary neurospheres). GSLCs attached to the plate and began proliferating for 3 days after the serum-free medium was replaced with medium supplemented with serum (Fig. 1A) . Our results suggest that GSLCs have the capacity for self-renewal and differentiation. As shown in Fig. 1B and C, the protein expression level of β-catenin and CSC marker ALDH1 was significantly increased in U87 GSLCs and U251 GSLCs compared with U87 and U251 cells, respectively (Fig. 1B) . A similar result was observed with immunofluorescence staining. ALDH1 (green fluorescence), which is located in the cell membrane, is upregulated in U87 GSLCs and U251 GSLCs compared with U87 and U251 cells, respectively (Fig. 1C) . Blue fluorescence represents DAPI signal, which is located in the cell nucleus. These results show that U87 GSLCs and U251 GSLCs possess CSC characteristics relative to the parental cells, which includes elevated expression of ALDH1 and β-catenin.
The regulation of β-catenin activity is vital to maintain the neural stem cell traits of U87 GSLCs and U251 GSLCs. To determine whether the regulation of β-catenin activity is vital to maintain CSC properties, we activated β-catenin by treating U87 GSLCs and U251 GSLCs cells with the GSK3β inhibitor BIO (2 µM) or we inactivated β-catenin/TCF transcription by treating U87 GSLCs and U251 GSLCs cells with ICG-001 (10 µM). Our results showed that BIO treatment maintained sphere formation of U87 GSLCs and U251 GSLCs, whereas ICG-001 significantly decreased sphere formation of U87 GSLCs and U251 GSLCs (Fig. 2A) . The Transwell migration assay was used to assess the effects of BIO and ICG-001 on the migration of GSLCs in vitro. Our results show that compared with controls, the migration capability of GSLCs was significantly reduced following ICG-001 treatment, but the migration capability of GSLCs was conserved following BIO treatment (Fig. 2B and C) . We next analyzed apoptosis of GSLCs upon treatment with BIO or ICG-001 by flow cytometry. The percentage of apoptotic GSLCs increased significantly after treatment with ICG-001, whereas GSLC apoptosis did not increase following BIO treatment ( Fig. 2D and E). Our results suggest that the stem-like characteristics of U87 GSLCs and U251 GSLCs can be effectively inhibited by inactivating β-catenin signaling, and that activating β-catenin could promote the maintenance of CSC properties.
Tet inhibits cell viability, neurosphere formation, and the migration of U87 GSLCs and U251 GSLCs in vitro.
To investigate whether Tet inhibits cell growth in GSLCs, we analyzed cell viability following Tet treatment using a CCK-8 assay. U87 GSLCs and U251 GSLCs were grown in neurobasal medium containing B27, bFGF and EGF in the presence of various doses of Tet (0-80 µM). The spheroids in each well were photographed at the end of the incubation period. Our results show that Tet treatment decreases the viability of GSLCs in a dose-dependent manner (Fig. 3A and B) . Tet IC 50 values in U87 GSLCs and U251 GSLCs were 30.41 and 27.5 µM, respectively. When GSLCs were dissociated, suspended, and treated with Tet (0-10 µM) for 7 days, we observed changes in cell morphology. Tet treatment decreased sphere formation in GSLCs in a dose-dependent manner (Fig. 3C) , suggesting that Tet may inhibit the self-renewal capacity of GSLCs. Additionally, a Transwell migration assay was used to investigate the effects of Tet on the migration of GSLCs in vitro. Tet treatment reduced the migration efficiency of GSLCs in a dose-dependent manner (Fig. 3D) .
Tet induces the apoptosis of GSLCs as indicated by the upregulation of Bax, the cleavage of PARP, and the downregulation of Bcl-2.
To understand the mechanisms underlying the effects Figure 3 . The inhibitory effects of Tet on U87 GSLCs and U251 GSLCs include reduced viability, neurosphere formation, and migration. (A and B) Cell viability was tested using a CCK-8 assay after treating U87 GSLCs and U251 GSLCs with various doses of Tet for 48 h (upper panel). GSLCs were dissociated and seeded in suspension culture, after which the cells were treated with Tet (0-20 µM) for 7 days in 96-well plates. Images of neurospheres in suspension were taken under a microscope (lower panel). Scale bars, 40 µm. (C) GSLCs were dissociated and seeded in suspension, after which they were treated with Tet (0-10 µM) for 48 h. Cells were then cultured in serum-free medium for 7 days to check sphere-forming efficiency. The number of GSLCs was counted under a microscope in five random fields per well. Scale bars, 400 µm. (D) Transwell migration assay. GSLCs were seeded at a density of 5,000 cells/ml in the top chamber of a Transwell insert, after which they were treated with Tet (0-10 µM) for 24 h. Cells that migrated to the lower chambers were fixed with methanol and stained with crystal violet. Cells were counted under a microscope in five random fields per well. Data represent the means ± SD. * P<0.05 different from the respective controls. Scale bars, 400 µm.
of Tet on U87 GSLCs and U251 GSLCs, we analyzed the rate of apoptosis in GSLCs treated with Tet by flow cytometry. Our results show that the proportion of apoptotic GSLCs increases in a dose-dependent manner in response to Tet treatment ( Fig. 4A and B) . We next assessed whether GSLC treatment with Tet has an effect on the expression of apoptosis-related proteins, including Bax, Bcl-2 and cleaved PARP. We found that Tet treatment results in significant downregulation of the expression of the anti-apoptotic protein Bcl-2, upregulation of the expression of the apoptosis-promoting protein Bax, and an increase in the cleavage of PARP in U87 GSLCs and U251 GSLCs (Fig. 4C) .
Tet inhibits neural stem cell properties of GSLCs with the upregulation of GSK3β and the upregulation of β-catenin.
We next analyzed whether Tet has an effect on the Wnt/β-catenin pathway as well as the stemness marker ALDH1. Upon dissociation, suspension and treatment of GSLCs with Tet for 48 h, we found that Tet significantly reduced the protein expression levels of β-catenin and increased the expression of GSK3β. Moreover, the stem cell marker ALDH1 was significantly downregulated in response to treatment with 20 µM Tet (Fig. 4D) . These data indicate that Tet has inhibitory effects on GSLCs, which are partly associated with the repression of the Wnt/β-catenin pathway.
Tet inhibits GSLCs by repressing the nuclear translocation and expression of β-catenin.
To determine whether the inhibitory effects of Tet are related to the downregulation and inactivation of β-catenin, we assessed additional Wnt pathway-related proteins (β-catenin and GSK3β), the CSC marker ALDH1, and apoptosis-related proteins (Bcl-2, Bax and c-PARP) upon treatment of GSLCs with 2 µM BIO, 10 µM ICG-001, or 20 µM Tet treatment (Fig. 5A-D) . The expression levels of GSK3β, Bax and cleaved PARP significantly increased, whereas the expression levels of β-catenin, ALDH1 and Bcl-2 significantly decreased following ICG-001 and Tet treatment. Compared with Tet treatment, BIO treatment downregulated the expression of GSK3β and upregulated the expression of β-catenin and Bcl-2. We further analyzed the proportion of apoptotic cells and the expression and localization of β-catenin by TUNEL assay and confocal immunofluorescence staining, respectively, following treatment with BIO, ICG-001 and Tet (Fig. 5E and F) . Our results show that β-catenin becomes concentrated in the cytoplasm and nucleus, and TUNEL staining is negative in response to BIO treatment. Upon ICG-001 or Tet treatment, the expression of β-catenin decreased and TUNEL staining increased. These results suggest that the nuclear translocation and expression of β-catenin are vital for cell survival and the maintenance of CSC properties in U87 GSLCs and U251 GSLCs.
Tet inhibits the β-catenin activation induced by BIO.
To determine whether Tet inhibited the β-catenin signaling activation induced by BIO, we assessed nuclear β-catenin expression upon treatment of GSLCs with 20 µM Tet or 20 µM Tet + 2 µM BIO treatment. The expression levels of nuclear β-catenin significantly decreased following Tet and Tet + BIO treatment. Compared with the control treatment group, the Tet + BIO treatment group downregulated the expression of nuclear β-catenin significantly (Fig. 6) .
Association between β-catenin nuclear localization and clinicopathological features. Immunohistochemical detection of β-catenin was analyzed in 88 gliomas for which sufficient tissue was available. WHO grading for the samples was distributed as follows: I + II, 47 cases; III + IV, 41 cases. According to our IHC staining results, in tumor cells, β-catenin signal was observed in the cytoplasm, nucleus, or both, and the β-catenin levels were heterogeneous. In contrast, β-catenin staining in normal brain tissue was constantly negative (Fig. 7A ). As shown in Table I , β-catenin immunoreactivity in the nucleus was low in grade I-II tumors, whereas β-catenin signal increased significantly in grade III-IV tumors. Nuclear β-catenin immunoreactivity significantly correlated with WHO grading based on analysis using the chi-square test (χ 2 =43.59, P=0.001). No significant differences between gender and age were observed. These results suggest that the nuclear expression of β-catenin is related to the degree of malignancy in gliomas.
Discussion
Recent studies have shown that cancer stem cells in malignant glioma closely correlate with poor prognosis. Glioma patients often relapse after treatment because of the persistence of glioma stem cells. In the present study, we enriched cells with CSC properties to obtain U87 GSLCs and U251 GSLCs based on high levels of ALDH1 expression. Tet cytotoxicity was demonstrated in U87 GSLCs and U251 GSLCs. Importantly, as shown in Fig. 7B , we found for the first time that Tet induces GSLC apoptosis by repressing the expression of β-catenin and preventing β-catenin nuclear translocation.
A small fraction of cancer stem cells (CSC) are thought to initiate cancer and drive the tumorigenesis of gliomas. Studies have shown that ALDH1 activity can be used as a marker to Table I . Correlation between the expression of β-catenin and clinicopathological parameters in glioma patients (χ 2 test). identify stem-like cells in glioma, breast, liver, hepatic cancer and embryonal rhabdomyosarcoma (16) (17) (18) (19) (20) . We enriched for GSLCs from glioma cell lines U87 and U251 using a neurosphere culture technique, and we resuspended the GSLCs for subculture using Accutase. The data in Fig. 1B and C show that ALDH1 is highly expressed in U87 GSLCs and U251 GSLCs compared with their parental cell lines. This suggests that we enriched U87 GSLCs and U251 GSLCs based on increased expression of the cancer stem cell marker ALDH1. The Wnt/β-catenin pathway is one of the key signaling pathways in cancer stem cells. A recent study also showed that the suppression of GSK3β activity enhances β-catenin signaling and increases the level of nuclear β-catenin, which promotes the stemness of colorectal cancer cells (21) . The inactivation of Wnt/β-catenin signaling results in decreased tumor growth and increased invasive ability of glioma stem cells (8, 22) . The activation of Wnt/β-catenin signaling contributes to the maintenance of glioma stem cells and the stem cell phenotype in glioma (7, 23, 24) . Our results show that the pharmacologic inhibition of GSK3β by BIO treatment in U87 GSLCs and U251 GSLCs results in increased β-catenin activity as well as no change in sphere formation, migration capability, or apoptosis compared with control cells. In contrast, the pharmacologic inhibition of β-catenin in U87 GSLCs and U251 GSLCs by ICG-001, which decreases the expression of nuclear β-catenin and β-catenin transcription, resulted in reduced sphere formation and migration capability and an increase in apoptosis compared with control cells (Fig. 2) . In addition, the apoptosis-related protein Bcl-2 was upregulated and c-PARP was decreased in GSLCs in response to BIO treatment, whereas Bcl-2 was downregulated, and Bax and c-PARP were upregulated in GSLCs in response to ICG-001 treatment (Fig. 4) .
Recent studies have reported that Tet is a strong anticancer agent based on in vitro and in vivo studies (25) . Tet also showed a time-and concentration-dependent cytotoxic effect on neuroblastoma cells (11) . In this study, we found for the first time that Tet reduces the viability, neurosphere formation capacity, and migration capacity in GSLCs in a dose-dependent manner (Fig. 3) . Tet treatment also induced apoptosis in GSLCs by reducing the expression levels of β-catenin, increasing the protein expression of GSK3β, inactivating the anti-apoptotic protein Bcl-2, upregulating the apoptosis-promoting protein Bax, and promoting the cleavage of PARP (Fig. 4) . The Wnt/β-catenin signaling pathway is associated with the anticancer activity of Tet in chronic myeloid leukemia and human colorectal cancer, which is consistent with our results (26, 27) . Moreover, our results are in agreement with the finding that Tet treatment reduces Bcl-2 levels, increases Bax levels, and promotes the cleavage of PARP in other cancer cells (28) (29) (30) . These data suggest that Tet may induce GSLC apoptosis partly through the inhibition of the Wnt/β-catenin signaling pathway.
Wnt/β-catenin signaling plays a critical role in cancer cell proliferation and invasion. β-catenin protein is persistently upregulated in a variety of human cancers, including glioma (31) . The nuclear translocation and expression of β-catenin is critical for the survival, invasion and tumorigenesis of glioma (32) (33) (34) . Previous studies have reported that aberrant Wnt/β-catenin signaling is essential for the maintenance of cancer stem cells (CSCs) of various origins, including the bladder, blood, breast and colon (35) . Our results suggest that the inhibition of Wnt/β-catenin signaling in CSCs could be an effective treatment for cancer, which has been suggested by other studies (36) . The Wnt/β-catenin pathway critically regulates the self-renewal and differentiation of neural stem/ progenitor cells (37) (38) (39) . A previous study showed that the inhibition of nuclear β-catenin expression decreases the in vitro proliferation and sphere formation capability of glioma stem cells (40) . These results suggest that Wnt/β-catenin signaling activation is vital for the survival of glioma stem cells. GSCs are also closely related to the degree of malignancy in gliomas. In this study, we found that the nuclear expression of β-catenin in glioma tissues significantly correlated with WHO grading (Fig. 6A) . Tet treatment inhibits GSLCs by repressing the nuclear translocation and expression of β-catenin ( Fig. 5A-E) . Tet treatment (10 mg/kg body weight) also inhibits tumor metastasis in the mouse breast in vivo (12) . Additional studies in other cell lines and animal models will be necessary to demonstrate the inhibitory effect of Tet on GSLCs through the repression of β-catenin signaling.
In conclusion, we observed for the first time that Tet inhibits cell viability, neurosphere formation, and migration in U87 GSLCs and U251 GSLCs in vitro. The WHO grading of glioma tissues was significantly correlated with the nuclear expression of β-catenin. Importantly, Tet treatment repressed the nuclear translocation and expression of β-catenin and induced apoptosis in GSLCs through the upregulation of Bax, the cleavage of PARP, and the downregulation of Bcl-2. Our results provide a basis for Tet development and provide novel insight into GSC-based anti-glioma treatments.
